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anoparticles play a critical role in biomedical diagnostics and treatments, 1, 2 process control in manufacturing, 3 explosives, 4 optical microscopy, 5 environmental monitoring, climate change, 6Ϫ8 and various other fields. It has been shown that an increase in the levels of ultrafine particulates in the air can contribute to an incidence of respiratory and cardiac disease, and there is evidence that nanoparticles within this fraction can penetrate the lung causing inflammation and can spread to other organs within the body. 9, 10 Detection of nanoparticles on a single particle level provides the ultimate sensitivity, which is of critical importance for early detection of threats and preventive measures.
There is also a strong need to reliably detect harmful nanosized biological agents, such as viruses. Viruses are responsible for a large number of human diseases, including the flu, chickenpox, cold sores, and the common cold. In many cases, the human immune system is not able to fight viral pathogens resulting in serious disease or death. 11 Examples are SARS, Ebola, AIDS, and the avian flu. There is also evidence that viral agents cause some neurological diseases (multiple sclerosis, chronic fatigue syndrome) or psychiatric illnesses, 12 and it is believed that cervical cancer is initiated by papillomavirus. 13 There is a growing need to rapidly and accurately quantify viruses, but timeconsuming techniques such as the plaque titer method remain the standard. 14, 15 Most viral load tests are done using PCR and currently are not sensitive to viral loads below 50. 16, 17 In addition these methods detect only the genetic material of viruses and not the intact infectious particle. Viruses are also employed as biowarfare agents, and hence reliable and ultrasensitive virus detection is also important for national security.
In recent years, several studies have focused on developing new and improved optical techniques for particle detection.
18Ϫ24
Some of the methods are aimed at sensitive detection of viruses and proteins. 25Ϫ29 It was shown that interferometric detection provides single nanoparticle sensitivity 30Ϫ34 and the potential for real-time detection.
35Ϫ38 A high sensitivity in nanoparticle detection is crucial, but equally important is rapid characterization and identification. For example, a target virus needs to be discriminated from carbon contaminants generated in abundance by combustion.
An important fingerprint in nanoparticle characterization is the particle polarizability where R is the particle radius, and p and m are the dielectric permittivities of the particle and the surrounding medium, respectively. ␣ relates the induced electric dipole p to the exciting electric field E according to p ϭ ␣E, and defines the scattering and absorption efficiencies. 39 Evidently, ␣ bears information on both particle size (R) and composition ( p ), and thus the scattered light can be used to extract these physical parameters.
The phase sensitivity of standard interferometric measurements makes it difficult to accurately assess ␣ of a target particle. In real-time monitoring, particles typically travel through a stationary laser focus, and the scattered field is recorded interferometrically. Since slight variations in the particle's position have a significant influence on the phase of the scattered field, detection should effectively decouple amplitude and phase. Here we accomplish this goal by introducing a variant of optical heterodyne detection.
Heterodyne detection yields two independent measurements of a particle's scattered field, thereby making it possible to separate amplitude and phase. We demonstrate that by eliminating the phase from the detector signal, we can reliably assess a single particle's polarizability. Furthermore, combining heterodyning with differential detection allows us to greatly reduce background and laser power noise and achieve high detection sensitivity. In its current configuration, the detection scheme is able to detect and classify viruses in liquids on a single particle basis and within a time window of Ϸ 1 ms.
RESULTS AND DISCUSSION
Differential Optical Heterodyne Detection. As illustrated in Figure 1 , our detection scheme is based on combining the light scattered by a nanoparticle E s (), as it passes through a focused laser beam, with the frequency-shifted reference field E r ( ϩ ⌬), where ⌬ is the detuning frequency. The interference between the two fields is registered by a split photodetector (Supporting Information). The detector generates a differential signal S(r), which contains the heterodyne signature of the moving particles. The differential nature of the detector makes the output signal free from noninterferometric contributions. In addition to E r , the scattered field E s also interferes with background light E b due to reflections from interfaces, such as the nanochannel boundaries. Taking all the terms into account we can write the differential signal from the detector as where ⌬ is the phase difference between the scattered and the reference light, and ⌬ b is the phase difference between the scattered light and the background light. The stationary interferometric term E b E r is eliminated upon taking the difference between the two halves of the detector (Supporting Information). The signal S(r) is then processed by a lock-in amplifier with reference ⌬, which eliminates the contribution of the background field to the signal. The lock-in amplifier renders the two orthogonal signals where E exc (r) is the (complex) focused laser field incident on the particle located at r, and x is the position of the particle in the direction transverse to the focus. In homodyne detection, only one of these phase-sensitive signals would be recorded. Heterodyne interferometry allows us to calculate the modulus, A ϭ [S x 2 ϩ S y 2 ] 1/2 , which reflects the particle polarizability ␣ and is phase-independent. This greatly reduces the sensitivity of the experiment on the particle's trajectory.
To experimentally verify the predicted signals we use an immobilized 100 nm polystyrene sphere as a test particle. By means of a piezo scan stage, the particle is first positioned in the focus r ϭ (x, y, z) ϭ (0, 0, 0) of the stationary excitation beam and then periodically scanned in the transverse x direction. The black curve in Figure 2a shows the raw detector signal according to eq 2, and the blue curve is the corresponding demodulated absolute value A. The inset shows the oscillations at the carrier frequency ⌬.
Because of the presence of the background field E b , the heterodyne signal exhibits a time-dependent baseline. While the width of the blue curve is associated with the size of the laser focus (ϳ0.5 m) and the particle velocity (ϳ250 m/s), its height reflects the particle polarizability ␣.
To characterize the influence of the phase on the signal strength S x we repeated the experiment for different offsets (z ϭ constant) along the optical axis, representing the typical range of particle trajectories. For each z position, we evaluate the maximum value of S x (x). The result, shown in Figure 2b , 
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www.acsnano.org represents the signal variations in a standard homodyne detection scheme. Evidently the phase variations cause the signal to vary rapidly with z. Therefore, different particle trajectories affect the homodyne signal strongly, which diminishes the measurement accuracy and makes it difficult to assess the particle size and polarizability. In heterodyne detection, on the other hand, the phase can be eliminated.
1/2 no longer varies across the typical range of particle trajectories (highlighted stripe). As will be discussed in the following, the elimination of phase variations leads to improved measurement accuracy. System Performance. A given set of particle measurements will have a characteristic size distribution, whose width represents the actual particle size distribution as well as the measurement uncertainty. We estimate the width as the standard deviation which has several contributing terms. Here, system is due to the system response, which is the distribution that would be obtained for a single particle crossing the focus many times on the same trajectory, and trajectory represents the signal variation due to the various trajectories a particle may take. The heterodyne system eliminates the phase dependence of this variation, but the modulus A is also affected to a small degree. Finally, size represents the actual distribution of particle sizes, which is the quantity we generally wish to determine.
In the following sections, we present experimental results that characterize the system response, system , and the trajectory uncertainty, trajectory . Once these quantities are known for a given experimental configuration, it is straightforward to isolate the particle size distribution, size .
Response Function. We evaluate the detection sensitivity and the signal-to-noise ratio (SNR) with a single immobilized nanoparticle that is repeatedly scanned through the laser focus. This configuration eliminates the problems associated with particle heterogeneity and different particle trajectories.
Polystyrene nanoparticles are deposited on a clean glass coverslip by spin-coating the solution containing the particles. Upon evaporation of the liquid, the particles are firmly attached to the surface of the coverslip by van der Waals forces. The particles are then covered by a drop of water to mimic detection in solution. The sample is then placed on a piezoelectric positioning stage and the focusing objective (NA ϭ 1.4) is brought in focus with the glassϪwater interface. To eliminate back-reflected light due to total internal reflection from the glassϪwater interface, we artificially reduce the NA to 1.3 using an iris in the beam path. A single nanoparticle is then positioned in the focus. A sinusoidal voltage is then applied to the scan-stage to periodically translate the particle through the laser focus. The positioning stage translates the particle periodically through the focus, keeping the transit time constant at Ϸ 2 ms. Each detection event, corresponding to the particle passing through the laser focus, renders the signals S x (t) and S y (t) as described by eq 3, from which we calculate the modulus Figure 2a) . As shown by the blue curve in Figure 2a , the signal A(t) has a characteristic double-peak structure. This information is used to distinguish detection events from system noise. For each detection event we evaluate the maximum peak amplitude of A(t) and use the resulting value as a data point in a histogram. A sufficiently large number of detection events generates a characteristic signal distribution. The signal can be calibrated to the particle's size because the signal magnitude scales linearly with the polarizability ␣ (cf. eq 1) 37 and hence with the third power of particle size R. Figure 3a shows a size histogram obtained for an immobilized 75 nm polystyrene particle. In essence, this size distribution represents the system response function, and the width of the distribution, 0.7 nm, defines the resolving power of the measurement approach. Homodyne detection yields a size distribution that is significantly wider, which can be demonstrated by plotting a histogram of sizes obtained from the signal S x (t) [or S y (t)] by itself. This increase in width originates from the fact that the homodyne signal is affected by phase variations due to interferometer instabilities and by small deviations in particle trajectories.
Particle Trajectories. Having quantified the system's response with a single immobilized particle, we next characterize the influence of different particle trajectories and Brownian motion. As shown in Figure 1 , we use a flow-through scheme that employs a nanofluidic channel to direct single nanoparticles through a stationary laser beam. The characterization of particle trajectories requires that the particle size does not vary between measurements. However, commercial nanoparticle solutions come with a finite size distribution. To eliminate this ambiguity we implemented an electroosmotic recycling scheme, which allows us to interrogate the same single particle over and over again.
The nanofluidic channels used in our experiments are fabricated in fused silica wafers using UV lithography (cf. Supporting Information, Figure 4) . The nanochannels are 15 m long, have a 500 nm ϫ 500 nm square cross-section, and are connected to two reservoirs. 35 A single nanochannel is positioned in the laser focus by means of the scan stage. A nanoparticle solution is introduced into one of the reservoirs and a particle flow is established using the electroosmotic effect. 38 To repeatedly interrogate the same nanoparticle, the electroosmotic voltage is controlled by a feedback loop. The signal from a single particle traversing the laser focus is used to flip the electroosmotic voltage immediately after the passage, causing the nanoparticle to reverse its direction of motion and pass through the laser focus again. For the trap to be stable, the particle's passage time through the laser focus (size ⌬x Ϸ 300 nm) needs to be shorter than the time scale associated with Brownian motion, that is, Ͻ ⌬x /s and hence Ͻ 5 ms. In our experiments Ϸ 1 ms, which typically allows us to detect a single nanoparticle more than 10 4 times before it escapes due to Brownian motion.
A characteristic time trace for a single electroosmotically trapped nanoparticle is depicted in Figure 4 . All curves have been recorded simultaneously and correspond to a snapshot of a longer time-trace of 30 s. The top curve (red) shows the periodic switching of the electroosmotic potential, the center curve (blue) is the homodyne signal S x (t), and the bottom curve (black) is the heterodyne signal A(t). As discussed earlier, the phase variations due to different particle trajectories are fully contained in S x (t) but are eliminated in A(t). Therefore, as shown in Figure 4 , the variations between individual detection events are considerably larger in the homodyne signal than in the heterodyne signal, supporting our hypothesis that the phase should be eliminated for accurate particle characterization. We next evaluate the maximum value of A(t) for each particle passage and establish a distribution of the values. The resulting histogram is shown in Figure  3b . Since we detect the same particle repeatedly, the factors contributing to signal variations are system noise and variations in particle trajectories. The latter gives rise to a broadened size distribution as compared to the immobilized particle case shown in Figure 3a . The width of the distribution is evaluated to be ϭ 4.2 nm. Homodyne detection (S x or S y ) yields considerably wider distributions (cf. Supporting Information, Figure 5 ) because of phase variations due to different particle trajectories.
Similar experiments were performed for polystyrene particles of different sizes and for gold nanoparticles. In all cases the elimination of the phase improves the detection accuracy. Notice that the residual variations in heterodyne detection are mostly because the size of the laser focus is smaller than the transverse size of the nanochannel. Thus, the particle trajectory still affects the signal amplitude in the heterodyne case, however this influence is much weaker than the phase variations. By using a larger focus (or narrower nanochannels), the distribution can be narrowed. However, better accuracy in this case comes at the expense of lower sensitivity since the signal-to-noise ratio for a single detection event is reduced as the NA is decreased.
Ensembles of Single Nanoparticles. The particle distributions further broaden if different nanoparticles from particle solutions are used. Having characterized the detector response and the influence of varying particle trajectories we now concentrate on the size distribution of particles in a solution.
To detect different particles from solutions we open the feedback loop controlling the electroosmotic trapping. Under this condition, a constant electroosmotic potential propels single nanoparticles through the nanochannel. Figure 3c shows the recorded size distribution for ϳ5000 different 75 nm polystyrene spheres. The distribution is slightly asymmetric with a standard deviation of total ϭ 8.1 nm, from which we determine the particle size uncertainty size according to eq 4. Now, system ϭ 0.7 nm is the contribution of the system response to the width (Figure 3a) , and trajectory ϭ (4.2 2 Ϫ 0.7 2 ) 1/2 nm ϭ 4.1 nm is the width associated with the variations in particle trajectories (Figure 3 a,b) . The size uncertainty is found to be size ϭ 6.9 nm. By comparison, homodyne detection yields much larger signal variations (cf. Figure 4) and precludes accurate particle size determination.
The optical detection scheme introduced here can be employed for measuring the homogeneity of particle samples and for testing the specifications of commercially available particle solutions. Most particle sizing methods make use of surface immobilization, which is generally less effective for small particles as compared to larger ones. The variation in binding strength affects the measured particle size distributions and hence the specified standard deviations. On the other hand, our detection scheme does not rely on immobilization, which makes the measured distributions more reliable. For example, the asymmetry of the measured distribution in Figure 3c is likely the result of the manufacturer's filtering process, which is effective for the removal of large particles but less effective for the smaller ones.
The accuracy of a single measurement (or the accuracy of size discrimination in a single measurement) of our method is given by the width of the size distribution for a monodisperse sample. Because it is not possible to obtain a truly monodisperse sample, we implemented multiple measurements of a single oscillating particle in fluid (Figure 3b ). The width of this distribution defines the confidence interval for a single size measurement. The confidence interval can however change depending on the material composition of the particles. The latter constitutes an important limitation of our methodOusing different material particles requires proper recalibration of the system.
Characterization of Nanoparticle Mixtures. Using the above method, it is possible to distinguish between nanoparticles of different sizes or materials in the same solution. In this section we present results obtained with mixtures of gold and polystyrene particles of different sizes. Figure 5a shows the particle size distribution recorded for a mixture of polystyrene particles with mean radii of 50 and 75 nm. The concentration of 50 nm particles is about twice the concentration of 75 nm particles. Using heterodyne detection we clearly resolve the two particle sizes. The sorting and classification of nanoparticles could proceed, for example, by introducing a threshold at R ϭ 62 nm, which corresponds to the minimum in the histogram in Figure 5a . Detection events that yield larger signals are then classified as 75 nm particles, whereas lower amplitude signals are assigned to be 50 nm particles.
Similar experiments were repeated with gold nanoparticles. Figure 5b shows the size distributions recorded for a mixture of gold nanoparticles with mean radii of 30, 40, and 50 nm. Our heterodyne detection scheme resolves the particles although the individual distributions are largely overlapping. Notice that the widths of the individual distributions are dominated by true particle size variations and that more monodisperse particle solutions would yield better detection accuracy. For the homodyne detection scheme, however, the joint particle distribution is too broad to identify individual particle peaks (cf. Supporting Information, Figure 6 ). Detection and Classification of Viruses. The size of most human viruses is in the range of 20Ϫ200 nm, 40 which is well suited to the capabilities of the heterodyne detection scheme. We have successfully detected HIV, influenza, Sindbis, vaccinia, parainfluenza (sendai), and baculovirus in separate samples on the single virus level.
For virus detection, we use pressure-driven flow instead of electroosmotic flow (see Methods). The velocity profile and flowspeed control of the two methods are similar, but electroosmotic flow tends to heat the buffer solution of the viruses. 41 When added to heating due to the light focus, this can cause the formation of vapor bubbles 42 and decomposition of the sample, which clogs the nanofluidic channels and disrupts the measurement process. Pressuredriven flow does not heat the buffer solution. Figure 6a shows the size distribution recorded for a sample of HIV virus (ADA strain). The viruses are initially suspended in TNE buffer (0.01 M Tris pH 7.2, 0.1 M NaCl, 1 mM EDTA), which makes them positively charged. To avoid sticking to the negatively charged glass surfaces of the nanochannels, the virus sample was diluted with a 2% solution of polyvinylpyrrolidone (PVP) in TNE buffer, which forms a proteinrepellent layer in the nanofluidic channel. To calibrate the HIV size distributions, the mean radius of HIV particles is taken to be 50 nm, as determined from TEM measurements. 43 In Figure 6b we show the size distribution for a sample of Sindbis virus. The virus particles are suspended in a buffer consisting of MEM (pH 7.2) and 5% fetal bovine serum (FBS). For calibration purposes, the mean radius of Sindbis virus particles is assumed to be 35 nm according to TEM measurements. 44 To demonstrate the ability to detect and distinguish single HIV and Sindbis viruses we record the size distribution for a mixture of the two viruses. Figure 6c shows that the two virus types can be resolved. The size distribution is calibrated with respect to the mean size of a HIV virus particle (50 nm). Note, that according to this calibration, the mean size of Sindbis viruses turns out to be ϳ35 nm, which is in good agreement with the TEM measurements, and indicates that the optical properties ( p ) of the two virus types are similar. Our results indicate that it is possible to distinguish by size individual viruses in a mixture of different virus types, provided we know, for calibration purposes, the mean size of at least one virus type.
CONCLUSIONS
Our results show that by eliminating the phase sensitivity in interferometric particle detection we can improve the accuracy of particle characterization and identification. The heterodyne detection scheme introduced in this work makes it possible to characterize and sort nanoparticles based on their polarizability ␣. Each nanoparticle is detected individually in a nanofluidic channel and the detector signal can be used to sepa- www.acsnano.org rate and sort nanoparticles in a larger nanofluidic network. We have demonstrated that our system can detect single viruses in a sample and also distinguish between different kinds of virus types in a mixture of viruses. Our ability to detect viruses with single particle sensitivity can also be used for accurate measurements of virus concentrations. We anticipate that these abilities will find application in biodetection, contamination and quality control, and in pharmaceutical and biomedical research. In principle, multiple wavelengths can be used in a heterodyne detection, thereby making it possible to obtain independent fingerprints for the size and the material of a target particle. The sensitivity and accuracy of our detection scheme can be improved by a miniaturized design that eliminates laser pointing instabilities. The present work assumes isotropic polarizability of the particles under investigation, which means that currently the method cannot be used to distinguish between spherical and nonspherical particles.
METHODS
Electroosmotic Flow in Nanofluidic Channels. The output from a variable high voltage power supply is applied across two gold electrodes. About 2 L of the test sample is introduced into one of the reservoirs 35 of the microfluidic device. The interconnecting channel is monitored using a CCD camera (see Supporting Information, Figure 3 ) to observe the propagation of the sample through the channel by the capillary forces. Once the solution completely fills the channel, about 2 L of the sample is applied to the reservoir at the opposite end of the device. Two gold electrodes are then dipped into the reservoirs and the voltage is adjusted such that the passage time of individual particles through the laser focus is ϳ1 ms. The flow speed is monitored by analyzing the real-time data collected by the data-acquisition system.
Pressure-Driven Flow in Nanofluidic Channels. A luer-lock female barbed coupler is modified by cutting off its barbed end. The inside diameter of the cut is chosen to match the diameter of the microfluidic reservoirs. The coupler is glued to one of the reservoirs and made airtight with fast-cure epoxy glue. A segment of Tygon PVC tubing (inside diameter 3/32==) about 10== in length is attached to the attached coupler. Another luer-lock female barbed coupler, identical to the one attached to the reservoir, is then inserted into the other end of the PVC tubing, with the barbed end kept intact. An inflation device, such as syringe, is attached to the coupler. The test sample is applied at the opposite reservoir. The inflation device is used to create a vacuum, which induces flow inside the channel. The vacuum level is adjusted to obtain the desired nanoparticle flow speed of ϳ1 ms through the laser focus.
